INTRODUCTION
In situ nitrogen (N2) fixation has been demonstrated in aquatic and terrestrial habitats of subantarctic islands (FOGG and STEWART, 1968; CROOME, 1973; HORNE, 1972) , but no studies have been conducted on the Antarctic Continent. Field collections and cultures from southern Victoria Land, the largest Antarctic oasis or ice-free area, have revealed abundant Nostoc commune and less commonly other heterocystous bluegreen algae (SEABU RG et al., 1979) , and N 2 fixation has been demonstrated in an N.commune isolate from this region (HO L M-HANS E N, 1963) . Azotobacter chroococcum, A. indicus, A chromobacter sp., and Bacillus sp. have been isolated from Antarctic soils (BOYD and BOYD, 1962; CAMERON, 1971) , but attempts to isolate N 2 fixing bacteria from McMurdo Sound marine habitats have failed (SI EBU RTH, 1965) . In the terrestrial habitats on Signy Island, in situ assays for N 2 fixation showed a correlation between nitrogenase activity and the presence of Nostoc commune, both free-living and as the phycobiont of the lichen Collema pulposum (FOGG and STEWART, 1968; HORNE, 1972) . These studies led to the conclusion that bluegreen algae were the most important N 2 fixing organisms in these habitats In situ N2 fixation in Marion Island mires was associated mainly with the presence of the bluegreen alga Stigonema ocellatum, and also Nostoc commune, Tolypothrix and Ca/othrix (CROOME, 1973) . Temperature and light were considered two major influencing variables of N 2 fixation in these subantarctic habitats (FOGG and STEWART, 1968; CROOME, 1973) . Elevated temperatures in the algal mats, as GOLDMAN et al. (1972) reported on Ross Island, apparently enhanced rates of N2 fixation in the microhabitats of Signy Island (FOGG and STEWART, 1968) .
Our objectives were (1) to estimate the magnitude of N 2 fixation and its distribution in select habitats in southern Victoria Land and (2) to identify the key organisms and environmental factors involved. In this paper we have used the terminology by HARDY et al. (1973) to differentiate N 2 fixation rates determined by the acetylene reduction assay (Nitrogen (C2H 2) fixation) and direct measurement of N 2 fixation by 15N.
MATERIALS AND METHODS

Habitat description.
During the 1977-78 austral Summer, we surveyed six lakes : Bonney, Brownworth, Chad, Fryxell, Miers, and Vanda (77032 ' -78007 ' S latitude and 161033 ' -163054 ' E longitude). During the 197~79 field season, we focussed on more thorough studies at Lakes Chad (77038 ' S lat., 162045 ' E long.), Hoare (77o38' Slat., 162o53 ' E long.), and Fryxell (77o37' Slat., 163007 ' E long.) located in Taylor Valley. These three lakes were covered with about 5-6 m of permanent ice rendered poorly transparent by soil and rocks blown upon their surfaces. Lake Chad possessed only about 1 meter of liquid water beneath the permanent ice, while Lakes Hoare and Fryxell had respectively 26 and 13 meters of liquid water. During the 1979-80 austral summer, all research was concentrated at Lake Hoare.
Habitats studied were (1) select glacial meltstreams entering the lakes during their brief period of flow, (2) peripheral pools or areas where meltstreams broadened on entering lakes, (3) the outflow stream of Lake Chad which enters Lake Hoare, (4) littoral/moat areas around the perimeters of the lakes formed by annual ice melt, (5) soils adjacent to the lakes (1977-78 only), (6) plankton under the permanent ice (1977-78 0nly) , and (7) benthic algal mats beneath permanent lake ice. Fig.1 illustrates the appearance of communities from four such habitats. Fig. 1 . Macroscopic appearance of biotic communities (algal mats) from four habitats studied in southern Victoria Land oasis. (a) Laminated mat with the dominantPhormidium frigidum, Lake Fryxell peripheral; (b) predominantly Nostoc commune colonies associated with Phormidium frigidum, Lake Fryxell littoral/moat area; (c) thick, laminated, Phormidium frigidum mats with associated heterocystous bluegreen algae, Lake Chad littoral/moat area; (d) benthic mats dominated by Phormidium frigidum and pennate diatoms to the exclusion of heterocystous bluegreen algae, beneath 5-6 m of permanent ice, Lake Hoare.
Physical measurements. Photosynthetically available radiation (PAR) was measured with an LI-185A Quantum/ Radiometer/Photometer (Li-Cor, Inc., Lincoln, NE) equipped with surface and subsurface sensors. Salinity, conductivity, and temperature were measured on a Yellow Springs Instrument Company (Yellow Springs, OH) 3A conductivity meter.
Chemical analyses.
Kemmerer, Niskin, or Van Dorn water bottles were used for water sampling through holes drilled in lake ice. Water from shallow areas was collected directly in an acid-washed one liter plastic bottle. Water was collected also by SCUBA diving during the 197~79 and 1979-80 austral summers. Water samples were analyzed immediately on return to McMurdo or frozen until analyses could be performed. Dissolved oxygen was determined by the modified Winkler method (STRICKLAND and PARSONS, 1968) , fixed at the sample site and titrated subsequently. Nitrate ion (NO3--) was determined by cadmium reduction and diazotization; nitrite ion (NO2-) was determined by direct diazotization (STRICKLAND and PARSONS, 1968) . Ammonium ion (NH4 § was measured using the phenol hypochlorite method (WEATHERBURN, 1967) . Dissolved and total organic carbon (DOC and TOC) were determined using an Oceanography International Corporation 525 Total Carbon Analyzer after a chemical digestion with phosphoric acid and potassium persulfate, as described by STRICKLAND and PARSONS (1968) .
Field collections and culturing.
Samples of mat and sediments were collected in clean, presterilized jars and returned to McMurdo Station for identifk:ation or culturing. Enrichment cultures were made for algae in Guillard's Woods Hole medium (NICHOLS, 1973) without added NO 3-salt. Mat pieces also were inoculated on Dbbereiner's semisolid medium with glucose and succinate as carbon sources (DAY and DOBEREINER, 1976 ) and Burk's nitrogen free medium with sucrose as the carbon source (PAGE and SADOFF, 1976) .
Actelylene reduction.
Two methods were used for in situ acetylene reduction: method I using serum bottles and method II using Saran bags. In method I algal mat pieces were placed into clean presterilized borosilicate glass serum bottles of various volumes (10, 30 and 150 ml). After a sufficient amount of mat was distributed to each bottle, water from the collection site was added to bring the vapor phase to a specific volume. The bottles were sealed with a butyl rubber stopper and aluminium cap. In some cases preincubation was performed in situ to deplete the photosynthetic reserves of the dark bottles. Air was withdrawn with a syringe, and the same volume of C2H 2 plus other additions replaced. Samples were treated variously: some were brought to 40 or 90 mM NH4CI; others received 10 % 5N H2SO4, 4 % organic solution (2.5 % glucose and 2.5 % succinate), or no addition. C2H2 was generated by calcium carbide and water. The freshly prepared C2H 2 was then injected to 0o 15 atm for all reaction chambers except the control. Chambers were returned to the collection site for in situ incubation. Incubation times ranged from 4-24 hr in 1977-78, 12-35 hr in 1978-79 , and up to 100 hr in 1979-80 field season. The assay was terminated with 5N H2SO4 or the sample equilibrated by agitation and 10 ml of the vapor phase immediately subsampled into a 10 ml 'red stoppered' Vacutainer (Becton-Dickenson Corp.). Algal mat pieces were analyzed for dry and ash free weights to determine biomass and organic carbon content (RAND et al., 1976) . As attempted analyses of vapor phase samples at the Eklund Biological Laboratory, McMurdo Station, Antarctica, proved inaccurate, all samples from the 1978-79 and 1979-80 seasons were returned to Virginia Tech for analysis with a Beckman GC-4 gas chromatograph (Beckman Instruments, Inc., CA) equipped with a hydrogen flame ionization detector and a 6 ft glass column packed with Porapak T using helium carrier gas, a column oven at 55-60~ and the detector at 120~ C2H 2 standards were run, making serial dilutions of 99.9 % pure C2H 2 (Matheson Gas Products, N J), One ml of standard or sample was run through the gas chromatograph and the peak height used to compare the standards to the sample. To better assure the validity of this assay, the aqueous phase was kept less than 30 % of the total reaction chamber volume and samples were equilibrated prior to sampling. No correction factor for C2H 2 solubility in the aqueous phase was applied, because the error is considered less than 10 % (FLETT et al., 1976) . This method was modelled after that described by BURRIS (1972) . A modification of method I was used to test bacterial and algal cultures for C2H 2 reduction. The reaction chamber was a 100 x 15 mm test tube into which l~e sample was added or in which it was grown. The sample chamber was sealed with a serum stopper and treated as described for method I.
In method II a core of soil taken with a 5 cm diam steel core fitted with a plunger for core extrusion was placed in a double thickness SARAN bag (BUR R IS, 1974) (Cryovac Division of W.R. Grace and Co., IA) fitted with a septum. Black elastic tape often was used in conjuction with plasticine clay as a sealant. A hand vacuum pump allowed achievement of a partial vacuum of not more than 10 cm Hg. These chambers were treated as described for method I, except that air also was added to give a final vapor phase of 200 ml. Incubations were carried out in situ and under elevated temperatures in vitro. Processing and analysis was identical to that described previously.
15N2-uptake assay.
Measurements of stable isotopic uptake by algal mats were performed in serum bottles as described by BURRIS (1972) . Incubation was run parallel with C2H2-reduction assays.
Statistical analyses.
These data were compared using the least squared means function of the Statistical Analysis System (LSMEANS). A series of T-tests were run on samples by this procedure, and the differences were printed out as the confidence of rejection of the theory that the mean is equal to the compared mean at the 0.05 level (BARR etal., 1976) .
RESULTS
The qualitative survey of habitats of six lakes during the 1977-78 austral summer disclosed measureable C2H 2 reduction within the ice-free, 0-4~ brightly lit, littoral/moat algal mats of Lakes Chad, Fryxell, Miers, and probably Brownworth, but not those of Lakes Bonney or Vanda. All plankton or soils tested within or near these lakes showed no C2H 2 reduction; no benthic algal mats were examined during the 1977-78 field season. Data from assays of 2-24 hr showed detectable C2H 2 reduction only with ~ 6 hr incubations. Heterocystous bluegreen algae, especially Nostoc, occurred within all samples showing C2H 2 reduction, but no detailed species analyses were conducted during this season.
The 1978-79 austral summer study focused on Lakes Chad, Hoare, and Fryxell. These three lakes are located within a few km of each other and possess well developed moat and benthic bluegreen algal mats. However, they exhibit striking limnological differences. Emphasis was placed on C~_H 2 reduction assays, with a small number of simultaneous 15N uptake assays. Unfortunately the 1ON 2 fixation rates were undetectable after 12 hr incubation. Thus, studies at Lake Hoare during the 197~80 austral summer used only C2H 2 reduction.
Because long incubation periods under C2H2 have been shown to overestimate N2-fixation (DAVID and FAY, 1977) , we conducted a time-temperature-heterocyst abundance experiment with a unialgal culture of Anabaena aequalis isolated from Lake Miers prior to the 1978-79 field season. The results are summarized in Fig.2 and Table I . C2H 2 reduction was significant at and above 5~ with lower temperatures excluded by slow growth at these temperatures by Anabaena aequalis (Fig.2) . This experiment indicates a potential for nitrogenase activity at the normal moat temperatures, from 0 to 7~ during the austral summer. The stimulation found by DAVID and FAY (1973) at 25~ was sought at lower temperatures to approximate its effect on Antarctic Acteylene reduction versus temperature in a unialgal culture of Anabaena aequalis in situ incubations. Assuming the first hour is a valid data point, which is probably incorrect as the system may still be equilibrating, a 2-5 fold stimulation in nitrogenase activity occurred at 18 and 15~ over a 12 hr period. At 8~ a 2-fold increase occurred in the activity over a 12 hr period; however, the values at 2 hr were equal to those at 12 hr. At a temperature of 5~ representative of littoral moat mats, a 1-1.5 fold increase was found. These small increases in C2H 2 reduction suggest that only a small stimulation of nitrogenase will be seen in our in situ incubations. However, the overall significance of stimulation of nitrogenase under C2H2 should be further explored in relation to different incubation temperatures since cold temperature studies are forced to rely on long term incubations under C2H 2. Table I I summarizes the Antarctic C2H2 reduction data to assess both qualitatively and quantitatively the nitrogen (C2H 2) fixation rates for bluegreen algal mats from these three closely associated lakes. Note that detectable nitrogenase activity occurred in mats located only in the high light intensity habitats, (i.e. ice-free moat, peripheral and outflow areas) of the three lakes during the 1978-79 study and that the same observation was made at Lake Hoare during the 1979-80 season. In contrast, the benthic mats under low light intensity showed no detectable in situ C2H 2 reduction. The addition of NH4 § salts clearly inhibited C2H 2 reduction in all experiments. Hoare, and Fryxell between 1978 -12-27 and 1979 -01-26 and in Lake Hoare (benthic, 1979 -I 1-25 and 1979 and (peripheral, 1980-01-06) . rngC = miligrams lost on ignition at 500~ gdw = grams dry weight of samples; -NH 4 = not enriched by addition of ammonia; + NH 4 = enriched by addition of ammonia; * samples significantly different at the 95 % confidence level from the corresponding ammonia control. Table III summarizes data from a light versus dark in situ incubation carried out with Lake Fryxell moat mat. Note that all light incubations had significantly higher C2H2 reduction than their dark counterparts. Since organic additionshad no affect on nitrogenase activity and the light incubations produced significantly higher nitrogenase activity, it is probable that phototrophs are solely responsible for the observed C2H 2 reduction. Table IV summarizes select physical and chemical data for the various habitats studied, showing both similarities and dissimilarities between the benthic habitats and the littoral habitats. Note that the TOC and DOC values were high in relation to temperate lakes in both benthic and littoral waters. The fixed nitrogen levels appeared fairly uniform between benthic and littoral waters with usually slightly greater values obtained in the benthic waters. The large increases found at Lake Hoare appeared to correlate with the start of meltwater inflow from the adjacent Canada Glacier. A major difference is the PAR values for benthic and littoral habitats. While no values are given for the littoral habitats, it is estimated the PAR was > 80 % of the surface incident PAR, while the PAR reaching the benthic mats was often < 1% PAR. These differences in PAR also may accompany differences in infrared radiation resulting in temperature increases of the mats located in the shallow, brightly lit moat areas, as shown by GOLDMAN eta/. (1972) . Summary of select physical and chemical analytical data for habitats of three lakes studied during the 1978-79 austral summer. * % PAR = % of photosynthetically available radiation (400 -700 nm wavelength) reaching the habitat. ** On first visits to these sites (prior to 1978-12-01) the moats were frozen to the sediment.
Oscillatoria limosa (Roth) Agardh
O.priest/eyi West and West
Phormidium frigidum Fritsch
Lyngbya martensiana Meneghini
Microcoleus paludosus Gardner
Schizothrix antarctica Fritsch
Anabaena sp. Bory
Nostoc commune Vaucher
Calothrix braunii Bornet and Flahault Table V .
List of dominant bluegreen algal taxa identified from habitats of three lakes studied during the 1978-79 austral summer. L/M --littoral/moat, B = benthic, P = peripheral, O = outflow; between brackets: observed only in some of the samples. Table V lists the dominant or more abundant bluegreen algal taxa occurring in the algal mats from various habitats. Note that the heterocystous Nostoc commune, Anabaena sp., and Calothrix braunii occurred exclusively within the shallower, brightly lit areas of the lakes in which C2H 2 reduction was significant. In contrast, heterocystous bluegreen algae were absent from all dimly lit benthic habitats sampled. Nostoc commune was by far the most widespread heterocystous bluegreen alga in the littoral/moat and peripheral water mats. In areas of Lake Fryxell's littoral/ moat and meltstream inflows N.commune formed nearly homogeneous communities (Fig. 1,B) . In a peripheral water region of Lake Hoare, Anabaena sp. codominated with non-heterocystous Lyngbya martensiana. Probably the most widespread littoral moat algal mats were those codominated by the non-heterocystous bluegreen alga Phormidium frigidum and heterocystous Nostoc commune. For example, in Lake Fryxell at different times of the austral summer the percentage ratios of Nostoc commune to Phormidium frigidum were 90:5 (1978-12-28), 50:48 (1979-1-6), 90:2 (1979-1-6) and 72:23 (1979-1-20) . These ratios demonstrate the heterogeneity of these habitats. The littoral moat mats of Lake Chad were highly developed and showed some stratification in species (Fig. 1,C) . These mats ranged from 2-12 cm in thickness and developed a reddish coloration as the water depth decreased below 1 m. Phormidium frigidum was dominant but the species ratios differed as one approached the sediment. The ratios seen between Nostoc commune, Phormidium frigidum and Calothrix braunii starting from the surface and going to the sediment were 15:85:<1%, 4:90:0, 24:72:0, 1:95: <1, 1:95:<1 and 17:80:2. In addition to the lack of heterocystous bluegreen algae, the benthic mats were unique due to a surface layer of slime dominated by diatoms, while deeper layers were predominantly Phormidium frigidum (Fig.l,D) . For a complete breakdown of the algal species found in these habitats, see ALLNUTT (1979) . Further variability in mat gross morphology is shown in Fig.l .
DISCUSSION
Low levels of nitrogen (C2H 2) fixation apparently are wide spread in southern Victoria Land, and may occur in any available site that has sufficient moisture, light, and above-freezing temperatures, while having low concentrations of ammonium and nitrate ions. Probably some areas have concentrations of fixed nitrogen which would repress nitrogenase synthesis. In this study only a few areas were found where the fixed nitrogen (NH4-N + NO3-N + NO2-N) was greater than 3 /JM and in none of the sites studied was repression by natural concentrations of fixed nitrogen conclusively demonstrated. However, the high NO 3-concentration in the benthic region of Lake Hoare (3.53 pM) might explain the lack of nitrogenase activity. The littoral moats and peripheral waters had maximal sunlight and moisture during the austral summer and were the sites where nitrogen(C2H 2) fixing activity was detected. Heterocystous bluegreen algal species were found without exception at sites where C2H 2 reduction occurred (i.e., Nostoc commune, Anabaena sp., and Calothrix braunii). These algal genera are known nitrogen fixers (DALTON, 1974) . Since organic additions did not stimulate nitrogen(C2H 2) fixation, the contribution by heterotrophic bacteria probably was insignificant. Further evidence to support photosynthetic organisms as the primary nitrogen-fixers is provided by the drastic decrease in nitrogenase activity in the absence of light. While aerobic heterotrophic bacteria probably can be ruled out, photosynthetic bacteria, anaerobic heterotrophic bacteria, and anaerobic nitrogen fixation by non-heterocystous bluegreen algae cannot be dismissed since the samples were aerated during processing. A qualitative assay for oxygen in algal mats showed that no anaerobic habitats existed within the mats studied in Lakes Hoare and Chad, while some anaerobic areas occurred in the mats of Lake Fryxell. A reduced zone also may exist between the sediment and mat in Lake Chad where a black zone of possibly FeS was found. Mats in oxygendeficient water subsequently were found at >,12 m in Lake Fryxell and >126 m in Lake Hoare (PARKER etal., 1981) but C2H 2 reduction experiments were not carried out on these mats, We cannot absolutely rule out anaerobic nitrogen fixation for select oxygen-free habitats in these lakes.
The direct correlation of N 2 fixation and photosynthesis, a lack of stimulation by organic substrates and good correlation between N 2 fixation and the presence of heterocystous bluegreen algae seem to suggest the heterocystous bluegreen algae as the major nitrogen fixing organisms. Greater rates of C2H 2 reduction occur in the peripheral waters of Lake Hoare than in the other peripheral water areas. Fryxell littoral moat mats had significantly greater nitrogen(C2H 2) fixation than the littoral mats of Lake Chad, while there was no obvious littoral mats in Lake Hoare. The differences between the nitrogen fixation potential in the littoral moat and peripheral water mats are reflected in the makeup of these systems. The mat communities assumed different growth forms and varied the ratios of species, while maintaining similar species compositions The radical change in species composition between littoral moat mats (dominated by filamentous and heterocystous bluegreens) and benthic mats (dominated by diatoms and filamentous nonheterocystous bluegreens) paralleled the higher fixed nitrogen levels and lack of nitrogenase activity in the benthic community. The observed nitrogen(C2H 2) fixation may contribute significantly to the nitrogen balance in the mat community. Unfortunately, a direct ratio of C2H 2 reduced to N 2 fixed was impossible due to failure to get detectable 15N 2 uptake, which apparently was due to very low rates of N 2 fixation. Future studies should include much longer incubation periods for 15N2 in order to calibrate the C2H 2 reduction assay to N 2 fixation. If a conservative estimate of nitrogen fixation was extrapolated from these data (i.e. using 25:1 ratio of C2H 2 reduced to N 2 fixed), the values are extremely low; only 7.10-6 ng N2.m-2.day-1 in Chad littoral moat mats and 1.10-3 ng N2.m-2.day-1 in Lake Fryxell littoral moat mats would be expected. Thus, while the magnitude of N 2 fixation in the aquatic habitats of the southern Victoria Land oasis appears small overall, we have obtained some evidence to suggest that N 2 fixation may be locally significant.
